Abstract-In this paper we discuss PID stabilization of a position-controlled manipulator equipped with a wrist sensor using Hermite-Biehler theorem framework. A second order transfer function for the manipulator is assumed along each coordinate direction that can be replaced by unity gain at slow speeds of manipulation. The wrist sensor impedance is similarly represented by a second order transfer function. Hermite-Biehler theorem is used for the stability analysis of the close& loop system. The general theoretical framework presented here can be easily adapted to other low order plant models.
I. INTRODUCTION
Robot manipulators are used in a number of industrial and service applications [4-81. In most cases robot can be considered as a positioning device that decouples the motion along each coordinate direction, and can be approximated with a second order transfer function. For example, Puma 560 robot has a natural frequency that is not less than 2 Hz [3, 9, IO] . In position and/or force control applications a high impedance wrist-sensor is normally used as end-effector, where the sensor can be similarly modeled with a second order transfer function. The wristsensor stiffness is usually high (of the order of 1 6 oz-in). In this paper we study the stability of the closed-loop system formed by the positioning manipulator, the wristsensor, and a PID controller. We use the Hermite-Biehler (HB) framework [ 1,2, 1 1, 121 to analyze the stability of the closed-loop system. Hermite-Biehler and generalized HB theorems characterize the stability of a given polynomial and provide information on RHP root locations. In this paper we show how the characteristic polynomial of the robot-sensor plant can be cast in the HB framework. The paper then discusses synthesis of the PID controller for the problem. A general analysis -synthesis framework is developed that can be applied to similar plant models.
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The organization of the paper is as follows: The problem is fomlated in $2. In $3 the generalized Hermite-Biehler theorem and framework for stability determination of PID controlled plants are presented. In $4 the stability of the position-controlled manipulator with wrist-sensor is analyzed in HB framework, and necessary and sufficient conditions for stability are determined. An algorithm to select controller gains and an example are presented in $5.
n. PROBLEM FORMULATION Consider a possibly unstable process given by the foIlowing transfer hnction where, the first part represents a sensor transfer function with known impedance and the second part represents a positive controlled manipulator. Assume that the process (1) is controlled through unity gain feedback by a PID controller whose transfer is given by 
where, it can be verified that 
IV. STABILITY ANALYSIS OF ROBOTMANIPULATOR

A. Necessary Conditions for Stability
First, we shall determine the necessary condition for the existence of E . To this effect, re -write The necessary condition for stability of the closed-loop system defined by (1) and (2) 2},1naxb:2) . Therefore, 
. However, sgn[ 1 .
Since s1 is independent of K ,
or, 
Theorem 1: The process given by (I) is stabilizable i.e., 3 [g*]+ 0 ifandonly i f K , E S ( K , ) where, S ( K p ) is evaluated as s*(K,) fors, = -1 (i) s ( K p ) E { S * ( K , ) n~( K , ) fors, =1
S(K,)= ( K p )
(ii) Observefrom lemma 4.2 that Vk:2 E C, --, -) . Using this result in (i) , and recognizing that (--,-) nS(K,) = S ( K , ), the result follows.
* B. SufJicient Conditions f o r Stability
We would now like to determine sufficient conditions for the existence of the stabilizing PID set in terms of the system parameters. 
Proof ( 
Using this in (13) we deduce mol = dmax(Ai). (6) increase by one. It is obvious from (13) 
*
The following algorithm can be used to determine the stabilizing PID set for the given problem: (iii) Use theorem 2 to evaluate the stabilizing PID set.
V. EXAMPLE
Consider a fourth-order process whose transfer function is of the form as given by (1 with a process parameter set 
VI. CONCLUSION
In conclusion, this paper discusses the PID stabilization of a robot manipulator equipped with a wrist sensor. The formulation of the problem has been presented in a general framework that can also be applied to other problems. Analytical results on stability have been derived using Hermite-Biehler theorem that describes the interlacing property of the even and odd parts of the characteristic polynomial. The resulting algorithm provides a convenient method for PID gain selection based on the system parameters.
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